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Introduction
The riverine transport of elements from the continents to the oceans is a major process in the global cycling of elements (Martin and Meybeck, 1979; Milliman, 2001; Gaillardet et al., 2003) . This process plays a critical role in climate regulation and nutrient transport within global biogeochemical cycles. Rivers carry elements in both dissolved and particulate form, the latter a product of mechanical weathering and the growth/decay of organic material. The dissolved riverine flux has been the focus of many scientific studies, significantly more than studies concentrating on the particulate flux . The best estimates for the global dissolved riverine flux are approximately 1 Gt yr À 1 (Gaillardet et al., 1999 (Gaillardet et al., , 2003 Viers et al., 2009) , while the suspended flux is at least an order of magnitude greater at 15-20 Gt yr À 1 (Meybeck et al., 2003; Syvitski et al., 2003; Walling, 2006; Peucker-Ehrenbrink et al., 2010) . If the bedload transported component is included, this particulate flux may be as high as 16.6-30 Gt yr À 1 (Walling, 2006) . Therefore, particulate fluxes dominate over dissolved fluxes for the majority of elements, particularly insoluble elements such as Al, Ti, Fe, and Zr Jones et al., 2012) . If a significant proportion of this particulate material dissolves or undergoes ion exchange with ocean seawater, then the riverine particulate flux may be an important contribution of various radiogenic and stable isotope systems in the world's oceans. The degree to which riverine particulate matter plays a role in the compositional evolution of seawater depends on the reactivity of each element after the particle's arrival in the ocean. The use of isotope ratios is a valuable method of deciphering sediment -water interaction, which is crucial to constrain the current understanding of ocean circulation, biological production, and element cycling (e.g. Tipper et al., 2006; Vance et al., 2009; Hsieh et al., 2011; Jeandel et al., 2011) .
The interpretation of various biogeochemical and element cycles are often based on the assumption that dissolved riverine isotopic compositions are conservatively transferred to the ocean. However, deltas and estuaries act as fluidized bed reactors that rework sediments for months after arrival from continental sources (Aller, 1998) , and various interactions between deposited particulate material and saline water have been identified in estuarine and deltaic systems (Mackenzie and Garrels, 1966; Michalopoulos and Aller, 1995; Aller et al., 2008) . Moreover, field measurements of Li, Mo, and U isotopes in estuarine waters suggest that isotopic fractionation may be caused by interactions between the particulate and liquid phases (Pogge von Strandmann et al., 2008; Pearce et al., 2010) . Particulate matter dissolution has also been shown to play a significant role in transporting Nd to the oceans (Lacan and Jeandel, 2005; Arsouze et al., 2009) . Moreover, it has been suggested that the particulate flux of Ca that subsequently dissolves in seawater is comparable in magnitude to that derived from the dissolved riverine flux , Wallmann et al., 2008 . Therefore, the assumption of conservative transfer between rivers and oceans, both for dissolved and particulate material, must be questioned.
Experimental evidence has recently shown that the isotopic ratio of radiogenic 87 Sr and stable 86 Sr in seawater can be significantly altered when in contact with basaltic riverine particulate material (Jones et al., 2012 Sr, suggesting that these reactions occur when particulate material first arrives into coastal waters (Jones et al., 2012) .
The ratio of 87 (Goldstein and Jacobsen, 1987) . The estimated dissolved Sr is approximately 16.5 Â 10 11 g yr À 1 (Gaillardet et al., 1999) , while the Sr transported in particulates is about a factor of two larger . The exchange/dissolution of 3% Sr in the Hvítá riverine bedload experiments (Jones et al., 2012) suggests that the riverine particulate flux could be an important input of Sr to the oceans. However, Sr release from riverine particulates is likely to vary considerably between geological settings, climate, and many other factors. It is therefore important to characterize how particulate materials from a variety of rivers behave in seawater. This study characterizes the controls of riverine particulate material as in input of Sr to the oceans through the direct measurements of changes to seawater compositions in response to mixing with riverine particulate material collected from a variety of sources located throughout the world.
Materials and methods
Closed-system experiments were performed on selected samples to assess Sr release rates in seawater. Ten distinct particulate matter samples were considered. The sample localities are shown in Fig. 1A and B. Four riverine particulate samples were collected from volcanic terrains, four riverine samples were sampled from continental catchments, and two fresh volcanic ashes were collected immediately after eruptions. The sample locations are as follows:
Continental riverine samples:
(1) A composite sample consisting of a 5:1 bedload material to suspended particulate material ratio was collected from the main part of the Amazon River in South America. by Compton and Maake (2007) and is labeled ''OR'' in the figures. Volcanic riverine samples: (5) Bedload material from the Hvítá River in western Iceland was collected from a sandbank adjacent to the river. This is the same sample as used in Jones et al. (2012) , and the river is a mix between spring, glacial and meteoric sources. Gislason et al. (2011) and is labeled ''EJ'' in the figures. (10) Fresh, unhydrated volcanic ash was collected during an eruption from the Soufri ere Hills volcano, Montserrat, following the large dome collapse event in 2003. This sample was previously characterized by Jones and Gislason (2008) and is labeled as ''MN'' in the figures.
The sampling locations, major element data, 87 Sr/
86
Sr ratios, and BET (Brunauer, Emmett and Teller method; Brunauer et al., 1938) specific surface area of these samples are given in Table 1 . The samples were either collected dry or freeze dried once all excess liquid had been removed. No other processing was done prior to the experiments. Surface seawater used in these experiments was collected to the west of Iceland at the Faxafló i 9 station at a depth of 3 m in February 2011 (64120 0 N and 27158 0 W, Fig. 1A ). This surface seawater does not have a significant riverine input, allowing the clear identification of any particulate-liquid interaction. The water was tangential filtered using a 0.2 mm cellulose acetate membrane filter then acidified to pH 2 using 7 M HCl and was subsequently stored in the dark. Prior to commencing the experiments the pH was re-equilibrated to 8.1 at 21 1C using 1 M NaOH.
The closed-system experiments were performed by mixing the various particulate samples with the collected seawater in a clean laboratory at room temperature. Each experiment had approximately 1:3 particulate to seawater ratio by weight; the total volumes varying depending on the amount of particulate material available (see Appendix A). All experiments were performed in polypropylene batch reactors fixed to a Heidolph Vibramax 100 Table 1 Sample locations, BET surface areas, Platform Shaker, set at 150 rpm. This setting was chosen to allow liquid mixing while not disturbing the particulate-water interface. These experiments ran for 6 months and were periodically sampled. All liquids were passed through a 0.45 mm MF-Millipore MCE membrane filter immediately after sampling. The samples were then subdivided for elemental analysis, pH measurement, and isotopic analysis. The removal of samples lowered the liquid volume in the reactors by r24% at the end of the experiments. Element analyses for the aliquots were conducted using Spectro Ciros Vision inductively coupled plasma-atomic emission spectroscopy (ICP-AES) in Reykjavík. Uncertainties were ascertained using replicate samples at varying dilutions to account for any effect of Na on the Nebulizer. The error associated with this method did not exceed 75%, except for elements with high initial concentrations such as Na, Mg, and S where errors were up to 725% due to the effect of Na loading. Samples were run at several dilutions to account for any interference of Na on the plasma. The ratios of 87 BET surface areas of the samples (see Table 1 ). This is illustrated in Fig. 3A , which shows the calculated total Sr released from the particulate material, based on the measured change in the 87 Sr/
Sr ratio of seawater calculated using equations reported by Jones et al. (2012) . A large variation between the behaviors of the different particulate materials is evident. At one extreme is the suspended particulate material from Jökulsá í Fljó tsdal (JK), which releases 27.3% of its Sr to the liquid phase in six months, while the bedload collected from the river on Etna and from the Mississippi only release 0.15% and 0.2% of the their particulate Sr, respectively, during the experiments. The range for the other seven experiments is between 2.1% and 11.6% Sr released after 6 months. Fig. 3B shows Sr release from the particulate material normalized to BET surface area. This shows a general pattern within the available dataset, where surface area normalized Sr release rates from volcanic ash 4 volcanic riverine material 4 continental riverine material. The only exception to this is the Jökulsá í Fljó tsdal suspended material, which released considerably more Sr than any of the other experiments, even after factoring its high surface area (see Table 1 ). . An interesting comparison is the relative behaviors of sediment from Sveinsgil (SV) at Etna (ET). When considering the percentage of Sr released (Fig. 3A) , the Sveinsgil experiment displays Sr release nearly 80 times greater than the Etna experiment, yet due to the large differences in surface areas and Sr concentrations of the samples these two experiments display almost identical surface area normalized Sr release rates (Fig. 3B) . The same is true when comparing sediments from the Amazon and Orange Rivers, where the surface area normalized release rates are identical despite the Orange River experiment causing the larger shift in seawater 87 Sr/ 86 Sr (Fig. 2) .
Changes in element concentrations
The dissolved concentrations of selected elements from seven of the experiments are shown in Table 2 . Dissolved Si increases from the initial value of 0.22 ppm in all experiments, consistent (Jones and Gislason, 2008; Wall-Palmer et al., 2011) . The Sveinsgil sample contained some pyrite, so the oxidation of Fe may have driven the change in acidity. However, there are also significant changes in Si concentrations in the experiments that do not see a large change in pH. Seawater in contact with Eyjafjallajökull (EJ) ash reaches 413 ppm Si, even though the surface coatings from that eruption are low in acidic condensate and the pH remained close to 8 (Table 2) . Similarly, the samples from the Orange River (OR) and Jökulsá í Fljó tsdal (JK) increased dissolved Si concentrations to 16.7 and 22.8 ppm, respectively, without a significant drop in pH. The concentrations of Sr do not show the same degree of variation as dissolved silica ( (Fig. 4) , indicating that part of the Sr liberated from the solid phase is reincorporated into solids. This reincorporation is evident in all experiments (Fig. 4) , and in the Montserrat ash (MN) experiment, the concentration of Sr actually decreases (Table 2 ). These observations corroborate the findings of Jones et al. (2012) , where it was suggested that Sr release from riverine sediments is coupled with Sr precipitation in secondary phases. The most likely candidates for these secondary phases are carbonate minerals, based on phase equilibrium calculations and observed differences between river and estuarine sediments from the same catchment (Jones et al., 2012) . The liquid/solid ratio used here may be important for the saturation states of secondary minerals, which will affect the degree to which elements released from the solid phase are reincorporated into secondary phases. In contrast, several primary minerals will remain strongly undersaturated even at this liquid/ solid ratio, especially for the volcanically derived particulates (Jones et al., 2012) . Therefore, while the scale of sedimentseawater interaction may vary between these experiments and the natural environment, the results here confirm a proof of process.
Discussion

Comparison between the experiments and the natural systems
Impact on oceanic 87
Sr/
86
Sr and marine budget implications
All experiments reported in this study display compelling evidence that riverine particulate material releases a substantial amount of Sr to the oceans. This effect is masked by reincorporation of Sr into the solid phase that limits changes to Sr concentrations (Jones et al., 2012) . While each experiment shows changes to seawater 87 Sr/ 86 Sr that are greatly in excess of the analytical error, there is huge variability between the samples. Two inferences can be drawn from the results of this study:
(1) Riverine particulate material from volcanic terrains is more reactive than material from continental catchments (c.f. Berner, 1992; Bluth and Kump, 1994; Wolff-Boenisch et al., 2004 , 2006 Jones et al., 2011) . In these experiments, the continental particulate materials, with the exception of the Orange River (OR) sample, release and/or exchange Sr quickly then appear to stabilize with the reacting liquid. In contrast, each volcanic particulate sample continues to alter the liquid 87 Sr/ 86 Sr at the end of these experiments. The degree of change is also different, with the least reactive volcanic sample releasing more Sr than the most reactive continental sample once normalized to particulate surface area (Fig. 3B ). (2) Surface area is an important component determining the extent of Sr release. The three samples that released the greatest percentage of Sr to seawater, namely the samples from Jökulsá í Fljó tsdal, Sveinsgil, and Orange River (Fig. 3A) , are the samples with the greatest specific surface area. Suspended material has a much higher specific surface area than bedload particulates . As the mass of riverine suspended material transported to the oceans is greater than that of bedload (Walling, 2006) , the average percentage of Sr released during our experiments may be significantly lower than that of the global dissolution of particulate material.
Given the apparent primary controls of mid-ocean ridge seafloor spreading and continental weathering on the ocean 87 Sr/ 86 Sr (Albar ede et al., 1981; Brass, 1976; Goldstein and Jacobsen, 1987; Palmer and Edmond, 1989) Sr. The symbols match those described in Fig. 1 . Vance et al., 2009) . Estimates made assuming that dissolved riverine transport and mid-ocean ridge hydrothermal activity are the only ocean Sr sources suggest that the current ocean 87 Sr/ 86 Sr would evolve at a rate of 0.000425 Myr À 1 , eight times the currently observed 0.000054 M yr À 1 (Hodell et al., 1989; Vance et al., 2009) .
There have been numerous attempts to resolve this imbalance. Recent studies proposed that enhanced chemical weathering rates of finely ground glacial products could resolve this imbalance (Vance et al., 2009) . Current Sr riverine fluxes, therefore, may not be representative of the long-term inputs due to the effects of deglaciation (Krabbenhöft et al., 2010; Vance et al., 2009 ). Other studies proposed that subsurface weathering of volcanic islands could provide the missing source of unradiogenic Sr to close the global Sr cycle (All egre et al., 2010) . The exchange with off-axis seafloor sediments is another potential source of Sr (Butterfield et al., 2001; Elderfield and Gieskes ,1982; Elderfield et al., 1999; Mottl and Wheat, 1994) , although mass balance calculations suggest that this flux will be minor in comparison to the accepted primary inputs (Davis et al., 2003) . The results presented in this study suggest that the dissolution of riverine particulate material in seawater is another important component of the marine Sr cycle. The degree to which the dissolution of particulate material would close the observed ocean Sr imbalance depends on the relative reactivity and abundance of volcanic and continental riverine particulate material.
Volcanic and tectonically active islands are estimated to contribute 4 45% of river suspended material to the oceans (Milliman and Syvitski, 1992) . Milliman and Farnsworth (2011) draw attention to the importance of wet, young and mountainous rivers to global fluxes. While comprising around 14% of the cumulative drainage basin area, the rivers that drain these terrains are estimated to transport close to 40% of the global dissolved flux and over 60% of the suspended-sediment flux. While some of the terrains included in this classification are older continental crust, such as in Taiwan and the Himalayas, the relative proportion of volcanic terrains such as south-east Asia, the Pacific ring of fire, and Iceland is considerably higher than in the other classifications. Therefore, the relative volcanic contribution to the suspended riverine flux is greater than the relative contribution to the dissolved flux.
The experiments performed in this study show that volcanic riverine particulates are more reactive in seawater than continental riverine particulates, both in the amount of change observed in 87 Sr/ 86 Sr ratios and the longevity of reactions.
Coupled with the evidence that volcanically derived particulates comprise a greater proportion of the global suspended flux than the contribution to the dissolved flux (Milliman and Farnsworth, 2011) , there is strong evidence to suggest that the global average 87 The results presented here represent a first step towards quantifying the importance of particulate material on the global Sr budget. The random nature of the particulate samples used in this study means that any use of these numbers to estimate the global flux will have significant uncertainties. Additional factors such as the weathering history and particle maturity, not specifically addressed in this study, may also play a role. However, to illustrate the possible effect particulate material dissolution would have on the global Sr cycle, we can make a first estimate of the relative contributions of volcanic and continental particulate material dissolution on the ocean Sr balance. If it is assumed that the global dissolved riverine flux of 16.5 Â 10 11 g (Sr) yr À 1 (Gaillardet et al., 1999) , 11.6 Â 10 11 g yr À 1 of mantle derived Sr would be necessary to balance this flux (All egre et al., 2010) , of which 2.770.7 Â 10 11 g yr À 1 is attributed to hydrothermal and low temperature seafloor basalt alteration at mid-ocean ridges (Davis et al., 2003) . Using the mean Sr release from the four continental (3.3%) and four volcanic experiments (10.6%), and assuming 45% of the riverine particulate flux is volcanically derived, would result in particulate release fluxes of 1.33 and 3.23 Â 10 11 g yr À 1 , respectively. Note that these flux estimates are conservative as they are only based on the mass of Sr released during 6 months of interaction with seawater; suspended material/seawater interaction in nature may continue for longer time periods. The continental particulate flux, comprising granitic and carbonate sources, would require an additional unradiogenic sr source to balance the budget. If it is assumed that the 87 Sr/ 86 Sr of this flux is comparable to the global dissolved flux ( $ 0.7136) then a further 0.93 Â 10 11 g yr À 1 of mantle-like Sr to maintain balance between fluxes. This value could be significantly higher if the non-volcanic particulate flux is dominated by the radiogenic, granitic component. Despite these large uncertainties, the samples measured in this study suggest that particulate material dissolution could significantly reduce the observed disparity between radiogenic and unradiogenic sources of Sr.
Another land-to-ocean flux of unradiogenic Sr highlighted by this study is the dissolution of fresh volcanic ash, which has been shown to significantly affect the composition of seawater (e.g. Jones and Gislason, 2008) . Using the best estimate of current volcanic ash production of 1.76-2.56 Â 10 14 g (ash) yr À 1 (Durant et al., 2010) and the Sr release rates of the Eyjafjallajökull and Montserrat ashes reported here results in a flux of between 1.3 and 1.9 Â 10 9 g (Sr) yr À 1 if all the volcanic ash was deposited in the ocean. Therefore, this effect is likely to be minor compared to the effect of riverine particulate material dissolution on global seawater chemistry. Sr/ 86 Sr ratio in seawater can be traced through geological time as marine carbonates reflect the composition of seawater at the time of formation. This ratio has varied considerably over geological time in response to changing tectonic, volcanic, and climatic conditions (Brass, 1976; Veizer and Compston, 1974; McArthur et al., 2001) . The apparent dependence of Sr release on surface area, coupled with the unusually high reactivity of the glacial sediment from Jökulsá í Fljó tsdal, supports the hypothesis put forward by Vance et al. (2009) that current fluxes may not be indicative of long-term fluxes. Moreover, given recent evidence of glacial limiting of mountain heights though efficient mechanical erosion (Egholm et al., 2009; Pedersen et al., 2010) , the fine grained tilling of the Tibetan/Himalayan orogeny would correlate with the observed rise in ocean 87 Sr/ 86 Sr through the late Neogene (Hodell et al., 1989) if the source was a combination of chemical weathering in situ and subsequent dissolution of mechanically weathered material. The importance of the weathering of volcanic islands to the global Sr cycle has been highlighted by All egre et al. (2010) , who suggest the poorly constrained groundwater transport of elements may close the Sr budget deficit. Our findings corroborate this significance of volcanic island weathering, but suggest that there is another substantial transport pathway available for land-to-ocean transfer of Sr. Constraining the relative contributions of these fluxes is necessary to solve the current Sr imbalance.
Conclusion
The dissolution of riverine particulate material in the ocean may be a significant factor in resolving the current Sr imbalance of the oceans. Although surface area, Sr concentrations, mineralogy, residence times in soils, local climate, and the degree of weathering will all be important to the subsequent behavior of riverine particulate material in seawater, the results summarized above demonstrate that riverine particulate material is a major contributor of Sr to the oceans, and any attempts at balancing the oceanic Sr budget need to include this factor to accurately describe the Sr cycle over geologic time. This conclusion is supported by a number of fundamental observations. Volcanic river suspended material is more reactive than continental river suspended material and forms a greater proportion of the global particulate flux than the dissolved flux (Milliman and Farnsworth, 2011) , such that the particulate Sr flux will have a lower 87 Sr/ 86 Sr ratio than the total dissolved riverine flux. If this flux has an 87 Sr/ 86 Sr ratio below that of seawater, then it would close at least part of the current observed budget deficit. If the release rates from continental and volcanic sediments presented above are broadly representative of global fluxes, then this initial release on contact with seawater would significantly diminish the current Sr imbalance, with the flux volcanic riverine particulates predicted to be similar in magnitude to the flux predicted from hydrothermal exchange at mid-ocean ridges. This study focuses solely on the Sr cycle, but these findings of rapid particulate materialseawater exchange could conceivably apply to other elements, particularly other alkali earth metals such as Ca and Mg. As these elements are so integral to climate over geological timescales, and have calculated budgets that are not at steady state (Tipper et al., 2006; Vance et al., 2009) , further work should investigate the role of riverine particulate material as a flux in these element cycles and budgets.
